The coding sequence for enhanced GFP was excised from pEGFP-C1 (Clontech) and was inserted after the last lysine residue of the H1 variants in pMTH1cneo or pMTH1 0 neo (ref. 7). An additional alanine residue was inserted between GFP and the H1 variant during the cloning process. Deletion mutants lacking the C-terminal domain (DC) or the central globular domain (DG) were generated by standard subcloning methods (see Supplementary Information). H1 0 DC contained residues 1±91; H1cDC, 1±104; H1 0 DG, 1±20 and 77±193; H1cDG, 1±35 and 142±211. Stable cell lines expressing H1±GFP fusion proteins were generated from BALB/c 3T3 ®broblasts and grown as described 7 . More than 15 cell lines for each variant were generated. For details see Supplementary Information.
HPLC pro®ling, nuclease digestion and salt extraction
Expression levels of H1±GFP fusion proteins were determined by extraction of total chromatin-bound histones and quantitative separation by HPLC as described 28 . Release of H1±GFP proteins on micrococcal nuclease (MNase) digestion of nuclei was determined by¯uorimetry of MNase-soluble material as described 7 . Release of H1 proteins on MNase digestion of the same sample was determined by quantitative HPLC of MNase-insoluble material as described 7 . To measure the salt extraction of H1 variants, crude nuclei were extracted with high salt buffer containing increasing concentrations of KCl. Total histones in the pelleted material were analysed by quantitative HPLC as described 28 . For details see Supplementary Information.
Indirect¯uorescence and in vivo microscopy, and FRAP Indirect immuno¯uorescence microscopy was carried out as described 29 , using ®xation in 2% buffered paraformaldehyde in PBS for 15 min at room temperature. A rabbit polyclonal antibody against HP1 (kindly provided by E. Minc, Institute Pasteur, Paris) was used at 1:500 in PBS 9 . Hoechst stain 33342 was used at 500 ng ml -1 for 10 min at room temperature. Cells were mounted using Vectashield and observed on a Nikon E800 microscope using a´60 Planapo Nikon objective (N.A. 1.4) and a Photometrics MicroMax cooled CCD camera (1,300´1,030 array, 6.7 mm pixel size, 5 MHz, image pixel size 80 nm). Images were generated and analysed in Metamorph (Universal Imaging). For live-cell microscopy, we grew cells to 50% con¯uence in Nalgene LabTek II chambers and carried out microscopy with a Leica TCS-SP confocal microscope using the 488-nm laser line of an argon laser (20 mW nominal output, beam width at specimen 0.2 mm, detection 500±575 nm using a photon multiplier tube with pinhole setting at 1, image pixel size 47 nm). All experiments were done at 37 8C.
Experimental details of FRAP have been described 11 . Five single imaging scans were acquired, followed by a single bleach pulse of 200±500 ms using a spot of ,1 mm in diameter without scanning. Single-section images were then collected at 1-s intervals (15 images), followed by 10-s intervals (10 images) and then by 30-s intervals (8 images). For imaging, the laser power was attenuated to 1% of the bleach intensity. FRAP recovery curves were generated from background-subtracted images. The total cellular¯uorescence was determined for each image and compared with the initial total¯uorescence to account for the amount of signal lost during the bleach pulse and during imaging as described 11 . Relative recoveries were determined as described 11 . In FRAP experiments, typically ,10% of total¯uorescence was lost during the bleach pulse and less than 5% of¯uorescence was lost during the entire imaging phase. The level of auto¯uorescence in cells not expressing the fusion proteins was 1% or less of that of expressing cells. The standard Student's t-test was used to determine the statistical signi®cance of results. All quantitative values represent averages from at least 10 cells from 3 independent experiments. 16 . Ridsdale, J. A., Hendzel, M. J., Delcuve, G. P. & Davie, J. R. Histone acetylation alters the capacity of the H1 histones to condense transcriptionally active/competent chromatin. Introns are removed from nuclear messenger RNA precursors through two sequential phospho-transesteri®cation reactions in a dynamic RNA±protein complex called the spliceosome 1, 2 . But whether splicing is catalysed by small nuclear RNAs 3, 4 in the spliceosome is unresolved. As the spliceosome is a metalloenzyme 5±7 , it is important to determine whether snRNAs coordinate catalytic metals. Here we show that yeast U6 snRNA coordinates a metal ion that is required for the catalytic activity of the spliceosome. With Mg 2+ , U6 snRNA with a sulphur substitution for the pro-R P or pro-S P non-bridging phosphoryl oxygen of nucleotide U 80 reconstitutes a fully assembled yet catalytically inactive spliceosome. Adding a thiophilic ion such as Mn 2+ allows the ®rst transesteri®cation reaction to occur in the U6/sU 80 (S P )-but not the U6/sU 80 (R P )-reconstituted spliceosome. Mg 2+ competitively inhibits the Mn 2+ -rescued reaction, indicating that the metal-binding site at U6/U 80 exists in the wild-type spliceosome and that the site changes its metal requirement for activity in the S P spliceosome. Thus, U6 snRNA contributes to pre-messenger RNA splicing through metal-ion coordination, which is consistent with RNA catalysis by the spliceosome.
The spliceosome forms by incorporating small nuclear ribonucleoprotein particles (snRNPs) and non-snRNP proteins onto premRNA, and it attains its catalytic conformation by undergoing a series of protein and RNA rearrangements 1±3,8 . Much evidence indicates that splicing is catalysed by the snRNAs in the spliceosome, although there is no de®nitive proof 3, 4 . Among the ®ve spliceosomal snRNAs (U1, U2, U4, U5 and U6), U6 is most widely assumed to be involved in catalysis because it is highly conserved through evolution and very sensitive to chemical changes. In addition, U6 forms intramolecular and intermolecular helices that are analogous to autocatalytic group II introns 3 . If U6 snRNA were directly involved in catalysis, it might coordinate catalytic metals, because the spliceosome, like most RNA enzymes 9 , uses divalent metal ions in catalysis 6, 7 . (refs 11, 12) . However, Mn 2+ does not rescue these phosphorothioates, and it is unclear whether any of the oxygens coordinate metal 13, 14 . We tested synthetic U6 snRNA containing a single phosphorothioate (as a mixture of R P and S P diastereomers) in reconstituting Mg 2+ -dependent splicing in a U6-depleted yeast extract 11, 15 . Many phosphorothioate-containing U6 RNAs reconstituted splicing well (our own unpublished data), except U6 with a sulphur substitution at U 80 (Fig. 1, lane 5) . Pure sU 80 (R P ) diastereomer completely failed to reconstitute splicing (Fig. 1, lane 6 ) 11 . Notably, splicing also did not occur in the extract reconstituted with U6/sU 80 (S P ) (Fig. 1, lane  7) , suggesting that both 59 non-bridging oxygens of U 80 are important for splicing. 
Pre-mRNA Spliceosome maturation is not affected by phosphorothioate substitution at U 80 of U6 but splicing only occurs in the S P diastereomer with a thiophilic metal ion. a, U6/sU 80 forms mature spliceosome. Extracts were reconstituted with unmodi®ed U6 (lanes 1 and 2) or U6/sU 80 (R P , lanes 3±4; S P , lanes 5±6), in the absence (lanes 1, 3 and 5) or presence (lanes 2, 4 and 6) of PRP2. The reaction mixture was sedimented through a glycerol gradient and the fraction containing the spliceosome was analysed on a native gel. The pre-catalytic and post-PRP2 spliceosomal markers (M; lanes 7 and 8) were generated as described 16 . We investigated whether U6/sU 80 snRNA blocked spliceosome maturation or Mg 2+ -dependent transesteri®cation. The reactions were carried out with or without the yeast PRP2 ATPase, which is required for the ®nal ATP-dependent spliceosomal rearrangements before the ®rst transesteri®cation reaction 16 . Reconstituted spliceosomes were isolated from glycerol gradients and analysed on a nondenaturing gel (Fig. 2a) . In the absence of PRP2, unmodi®ed U6, U6/sU 80 (R P ) and U6/sU 80 (S P ) reconstituted a pre-catalytic SS2 spliceosome 16 ( Fig. 2a, lanes 1, 3 and 5) , which was equivalent to mammalian spliceosome B2 (ref. 1). In the presence of PRP2, the post-PRP2 spliceosomes were formed (Fig. 2a, lanes 2, 4 and 6 ), which were equivalent to mammalian spliceosomes C1 and C2 (ref. 1). These spliceosome complexes were not detected in U6-depleted extracts without reconstitution (data not shown). Thus, both of the U6/sU 80 RNAs support spliceosome maturation but not catalysis.
We tested whether phosphorothioate substitutions at U 80 switch the metal requirement for catalysis by incubating the puri®ed post-PRP2 spliceosomes with Mg 2+ or Mn 2+ (Fig. 2b) . Splicing did not occur in the sU 80 (R P ) spliceosome regardless of metal used (data not shown). No splicing occurred when the sU 80 (S P ) spliceosome was incubated with Mg 2+ as the sole divalent metal ion (Fig. 2b,  lanes 5±8) . However, the sU 80 (S P ) spliceosome ef®ciently carried out the ®rst transesteri®cation reaction in the presence of Mn 2+ (Fig. 2b, lanes 9 and 10) . This reaction did not require additional ATP, PRP2 or the HP splicing factor, con®rming that this spliceosome had been fully activated 16 . Other thiophilic divalent metal ions also rescued the sU 80 (S P ) spliceosome; Cd 2+ was more effective than Mn 2+ , whereas Ca 2+ and Co 2+ were less effective (Fig. 2c) . Rescue occurred at submillimolar concentrations, indicating that there was speci®c metal interaction at the site of sulphur substitution 17 . Thus, these results showed that only the sU 80 (S P ) and not sU 80 (R P ) phosphorothioate caused a switch of metal speci®city, and that the transesteri®cation reaction could occur in the S P spliceosome once thiophilic metal occupied the sulphur-substituted site.
As puri®ed spliceosomes are missing second-step factors 16 , we tested the ability of Mn 2+ to rescue the second transesteri®cation reaction in extracts (Fig. 3a) . Mn 2+ rescued the ®rst but not the second transesteri®cation reaction in U6/sU 80 (S P )-reconstituted extracts (Fig. 3a, lanes 14±18) , whereas the U6/sU 80 (R P )-reconstituted extract could not be rescued (lanes 8±12). This speci®city of rescue indicated that desulphurization of the phosphorothioate did not occur during the reaction. The result also suggests that the pro-S P oxygen of U 80 may have a different role during the second step. The pro-S P and pro-R P oxygens, for example, may switch roles in the two spliceosomal active sites 18 . a, Mn 2+ rescues the ®rst but not the second step of splicing in U6/sU 80 (S P )-reconstituted reaction. Extract was reconstituted with U6 (lanes 1±6), U6/sU 80 (R P ) (lanes 7±12), or U6/sU 80 (S P ) (lanes 13±18) and PRP2 in the presence of Mn 2+ and Mg
2+
. In each set of six reactions, the concentrations (mM) of Mn (Fig. 3b) was calculated as the ratio between the products (IVS±E2*, IVS* and E1±E2) and the total (products plus pre-mRNA). stituted with unmodi®ed U6 or U6/sU 80 (S P ) and, without gradient puri®cation, incubated with PRP2 and Mn 2+ plus an increasing amount of Mg 2+ (Fig. 3b) . The ratio of splicing ef®ciency between the U6/sU 80 (S P )-reconstituted reaction and the U6-reconstituted reaction decreased as the Mg 2+ concentration increased (Fig. 3c) . Thus, Mg 2+ could effectively occupy the Mn 2+ -rescued site in U6/ sU 80 (S P ) but it could not support splicing. This result indicates that sulphur substitution does not create a binding site for the rescuing metal ion that is not present in the wild-type reaction 19, 20 . It also indicates that the metal-binding site at U 80 changes its metal requirement for activity in the U6/sU 80 (S P )-reconstituted spliceosome.
We have identi®ed, to our knowledge, the ®rst snRNA site that contributes to catalysis in the spliceosome through metal-ion coordination. Ribozymes such as hammerhead 21, 22 , group I intron of Tetrahymena 23 and RNase P (ref. 24) have phosphoryl oxygens coordinating metal that contributes to catalysis. It will be of interest to know the exact geometry of the Mg 2+ coordinated by the pro-S P oxygen of U 80 with respect to the 59 splice site, and whether this metal ion is the one that interacts with the leaving group 6 . U 80 of the yeast U6 snRNA is situated at the bulge region of its 39 intramolecular stem loop (39ISL, Fig. 4 ). This 39ISL of U6 and the helix Ib of U2±U6 have been proposed to be functionally analogous to the catalytically important domain 5 of group II introns, partly on the basis of (R P )-phosphorothioate interference analysis 12, 25 . For U 80 to coordinate a Mg 2+ at or near the 59 splice site, it has to fold over to the scissile phosphate. A tertiary interaction between U2/A 25 and U6/G 52 identi®ed in yeast 26 and in human 27 might be involved in this folding. Tertiary interactions (l±l9) have recently been described in a group II intron between the conserved G at the ®fth position of the intron and the two conserved G×C base pairs above the corresponding U 80 bulge in domain 5 (ref. 28) . If similar interactions also occurred in the spliceosome, they could juxtapose the U 80 of U6 and the 59 splice site. Thus, U 80 could coordinate the Mg 2+ that stabilizes the leaving group at the 59 splice junction 6 , the putative Mg 2+ that activates the nucleophilic hydroxyl at the branchpoint 5 , or an Mg 2+ nearby (Fig. 4 ). In conclusion, we have elucidated a catalytic role for the U6 snRNA in pre-mRNA splicing, and provided evidence to support the notion that the spliceosome is fundamentally an RNA enzyme.
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Methods
RNA oligonucleotides
We synthesized RNA oligonucleotides using CE (b-cyanoethyl) phosphoramidites with 29TBDMS (t-butyl-dimethylsilyl) protecting groups (Glen Research) on an ABI 394 DNA/RNA synthesizer at the Caltech Biopolymer Center. Sulphurization of a nonbridging oxygen was performed by using 3H-1,2-benzodithiol-3-one-1,1-dioxide. After synthesis, we deprotected the preparation using triethylamine trihydro¯uoride, and puri®ed the full-length oligonucleotide from a denaturing polyacrylamide gel or through a diethylaminoethyl (DEAE) column. The oligomer containing sU 80 was resolved by a C18 Beckman Ultrasphere ODS column on a Hewlett-Packard high-performance liquid chromatography (HPLC) into three peaks: ®rst, the unmodi®ed oligonucleotide; second, the R P diastereomer; and third, the S P diastereomer. The exact mass of the oligomers was con®rmed by mass spectrometry on a Voyager Elite instrument at the Caltech Protein/ Peptide Micro Analytical Laboratory (PPMAL) facility. The R P and S P diastereomers were veri®ed by digesting 32 P-labelled oligomers with snake venom phosphodiesterase, which preferentially cleaves the R P isomer 29 .
Pre-mRNA and U6 snRNA SP6 RNA polymerase was used to produce 32 P-labelled actin pre-mRNA 16 . U6 snRNA was made by using T7 RNA polymerase 11 or by ligating four synthetic RNA oligonucleotides 15, 30 . Four RNA oligos, U6/ 1±37 , U6/ 38±69 , U6/ 70±83 , and U6/ 84±112 were ligated to generate U6/U 80 RNA on a DNA template, cdU6/ 19±100 . Before ligation, three RNA oligomers, U6/ 38±69 , U6/ 70±83 , and U6/ 84±112 were pooled and phosphorylated for 60 min at 37 8C in 10 ml reaction containing 50 mM Tris pH 7.5, 10 mM MgCl 2 , 5 mM DTT, 60 mM ATP, 10 pmol [g-32 P]ATP, 10 units of RNasin and 10 units of T4 polynucleotide kinase. The phosphorylation reaction was terminated by heating at 65 8C for 20 min. The fourth RNA oligomer, U6/ 1±37 , and the DNA template, cdU6/ 19±100 , were then added and the mixture was heated at 90 8C for 1 min and cooled at room temperature. Ligations were performed at 30 8C for 4 h in 25 ml reaction containing 5,000 units of T4 DNA ligase, 20 units of RNasin, 4% of PEG and 1´T4 DNA ligase buffer (New England Biolabs). Ligated RNA was isolated from a 7.5% polyacrylamide/urea gel.
Splicing and spliceosome assays
Extract preparation, in vitro splicing, gradient and gel analysis of spliceosomes, and spliceosome conversion assays were done as described 16 . U6 reconstitution was done by cleaving endogenous U6 snRNA in heat-inactivated prp2 mutant extracts in the presence of 450 nM d1 (cdU6/ 28±54 ) oligodeoxyribonucleotide and 2 mM ATP 11 . Pre-mRNA (0.4 nM), U6 RNA (4 nM), divalent metal ions in chloride form, potassium phosphate and PEG (4.8%) were added and incubated at 23 8C for 30 min to allow reconstitution and spliceosome assembly. The PRP2 protein was added and incubated for splicing at 23 8C for 15 min.
